Abstract Accuracy in quantitative real-time polymerase chain reaction (qPCR) requires the use of stable endogenous controls. Normalization with multiple reference genes is the gold standard, but their identification is a laborious task, especially in species with limited sequence information. Coffee (Coffea ssp.) is an important agricultural commodity and, due to its economic relevance, is the subject of increasing research in genetics and biotechnology, in which gene expression analysis is one of the most important fields. Notwithstanding, relatively few works have focused on
Introduction
Coffee ranks among the five most valuable agricultural exports in developing nations, and its production has great worldwide economic relevance (FAOSTAT 2008) . Although coffee has been successfully improved by conventional approaches in recent years, coffee breeding has also proved to be a lengthy, laborious, and capital-consuming process (Etienne et al. 2002) . The recent release of Coffea expressed sequence tag (EST) databases Poncet et al. 2006; Vieira et al. 2006 ) has greatly prompted the study of genes involved in important agronomic traits such as sucrose and chlorogenic acid accumulation, relevant for flavor and aroma quality (Lepelley et al. 2007; Privat et al. 2008; Salmona et al. 2008) . Coffee gene expression associated with the carotenoid biosynthetic pathway was studied, showing a redirection of the carotenoid flux towards the xanthophyll cycle, which implies an adaptation mechanism to drought (Simkin et al. 2008 ). Therefore, gene expression studies constitute a crucial step for functional characterization of coffee ESTs.
Quantitative real-time polymerase chain reaction (qPCR) is a robust method to study gene expression changes. The high sensitivity and specificity of qPCR analysis, even when limited amounts of RNA are available, have boosted its use among plant biologists (Gachon et al. 2004) . Although the use of qPCR for gene expression studies in model species such as Arabidopsis and rice has been widespread, its use in coffee has been limited (Ganesh et al. 2006; Lepelley et al. 2007; Pre et al. 2008; Privat et al. 2008; Salmona et al. 2008; Simkin et al. 2006 Simkin et al. , 2008 . Similar to other techniques aimed at evaluating gene expression, qPCR analysis normalization is required to allow accurate comparisons among samples. Normalization is necessary for the correction of technical variations such as differences in the quantity and quality of RNA, and in the efficiencies of reverse transcription and PCR (Udvardi et al. 2008) . A number of strategies have been proposed to normalize qPCR data but normalization remains one of the most important challenges concerning this technique (Huggett et al. 2005) .
Reference genes are frequently used to normalize qPCR analysis. The expression levels of these genes should be stable in all samples under investigation and experimental conditions evaluated (Vandesompele et al. 2002) . Recent reports have demonstrated that some of the most well-known and frequently used reference genes are inappropriate for normalization in qPCR analysis due to expression variability (Czechowski et al. 2005; Remans et al. 2008; Schmittgen and Zakrajsek 2000) . The importance of reference genes for plant qPCR analysis has been recently emphasized, even though the identification of these genes is quite laborious (Brunner et al. 2004; Reid et al. 2006) . Microarray datasets can also be a rich source of information for selecting qPCR reference genes (Czechowski et al. 2005 ), but unfortunately this tool is still not available for most plant species, including coffee.
Several statistical methods for evaluating reference genes were proposed such as geNorm (Vandesompele et al. 2002) , Norm Finder (Andersen et al. 2004) , and Best Keeper (Pfaffl et al. 2004 ). These methods are based on different statistical algorithms, using multiple reference genes as the best strategy for normalization of qPCR results. geNorm applet provides a measure of gene expression stability (M), which is the mean pairwise variation between an individual gene and all other tested control genes (Vandesompele et al. 2002) . Genes with the lowest M value have the most stable expression. In addition, geNorm performs a stepwise exclusion of the gene with the highest M value, resulting in the best combination of two reference genes with the most stable expression profiles. The Norm Finder approach focuses on finding the two genes with the smaller intra-and intergroup expression variation, where groups are defined as different experimental conditions (e.g., control and droughtstressed plants; Andersen et al. 2004) . Since the stability value is a combination of intra-and intergroup variation parameters, Norm Finder ranks the genes that present minimal variation instead of candidates with correlated expression.
To date several studies have used qPCR to assess coffee gene expression profiles in different organs and tissues, e.g., flowers, leaves, stems, branches, roots, and fruits (pericarps and grains; Ganesh et al. 2006; Lepelley et al. 2007; Pre et al. 2008; Privat et al. 2008; Salmona et al. 2008; Simkin et al. 2006 Simkin et al. , 2008 , and only one of these has investigated the expression stability of seven coffee reference genes during different stages of seed development. Among the seven candidate genes tested, polyubiquitin (UBQ10) showed the most stable expression pattern and was considered an acceptable reference gene for studies on coffee seed development (Salmona et al. 2008) . Aiming to identify more adequate reference genes for qPCR gene expression studies in coffee we evaluated eight coffee candidate reference genes (GAPDH, S24, UBI9, UBQ10, rpl39, psaB, PP2A, and AP47; Czechowski et al. 2005; Fernandez et al. 2004; Salmona et al. 2008; Simkin et al. 2006) , and the expression stability of these genes was subsequently tested in different coffee tissues, cultivars, and growth conditions using both geNorm (Vandesompele et al. 2002) and Norm Finder (Andersen et al. 2004) algorithms.
Materials and methods

Plant material
Experiments were performed using 6-month-old Coffea arabica plants, cultivars ''Catuaí Vermelho IAC44,'' ''Mundo Novo 379/19,'' and ''Bourbon Amarelo IAC J10''. Plants were grown under controlled temperature (21 ± 2°C) and natural photoperiod, in trays containing 20 plants each. Plants were watered with 500 ml water at 1-day intervals. Water potential (W w ) of each plant was measured at predawn using a Scholander-type pressure chamber, and control plants presented a W w of around -0.2 MPa. Drought stress was induced by withholding normal watering for 10 days. Under our growth conditions drought-stressed plants presented a W w of -4.45 MPa. Totally expanded leaves (third pair), stems, and lateral root samples were harvested from five different coffee plants, at two different times of the same year (February and July/ Fall 2007). Mature cherry fruits were harvested from 10-year-old coffee trees grown in the field, in May (Fall 2008) . Two fruits from each of five different plants of Coffea arabica cv ''Catuaí Vermelho IAC 77'' were collected in two different areas, which were 10 m apart. Fruits from each group (a total number of ten) were collected and pooled together. All samples were immediately frozen in liquid nitrogen, and stored at -80°C until needed for RNA extraction.
Total RNA isolation and cDNA synthesis Frozen samples were ground to a fine powder in liquid nitrogen with a pestle and mortar. About 100 mg of this powder was resuspended in 500 ll cold (4°C) Concert TM plant RNA reagent (Invitrogen) according to the manufacturer's instructions. After 5 min incubation at room temperature (RT), samples were centrifuged at RT, for 2 min, at 12,0009g. The clear supernatant was transferred to a new tube and 100 ll 5 M NaCl and 300 ll chloroform were added to samples, mixing thoroughly by inversion. Samples were subsequently centrifuged at 4°C for 10 min at 12,0009g. The aqueous phase was recovered and total RNA was precipitated with an equal volume of ice-cold isopropyl alcohol for 10 min at RT, followed by a centrifugation step at 4°C for 10 min at 12,0009g. The pellet was washed with ice-cold 75% ethanol, air-dried, and dissolved in 30 ll RNAse-free water. To avoid any DNA contamination, samples were treated with RNAse-free DNAseI (Invitrogen) at 37°C for 15 min, followed by two phenol:chloroform:isoamyl alcohol (25:24:1) extractions and precipitation with 3 M sodium acetate and cold 100% ethanol. RNA concentration and purity were determined before and after DNAseI treatment using a NanoDrop TM spectrophotometer ND-1000 (Thermo Scientific), and RNA integrity was verified in 1% agarose gel electrophoresis.
cDNAs were synthesized by adding 50 lM Oligo (dT 24 ) primer and 10 mM each deoxyribonucleoside 5 0 -triphosphate (dNTPs) to 1 lg total RNA. This mixture was incubated at 65°C for 5 min, and briefly chilled on ice. First Strand Buffer, 20 mM dithiothreitol, and 200 units superscript III (Invitrogen) were added to the prior mixture and the total volume (20 ll) was incubated at 50°C for 1 h following manufacturer's instructions. Inactivation of the reverse transcriptase was done by incubating the mixture at 70°C for 15 min.
Quantitative real-time PCR and data analysis
Six of the eight putative coffee reference genes evaluated in this work, AP47 (clathrin-associated protein), GAPDH (glyceraldehyde 3-phosphate dehydrogenase), PP2A (protein phosphatase), S24 (ribosomal protein), UBI9 (ubiquitin-like protein), and psaB (photosystem subunit), were selected from the online Sol Genomics Network and HarvEST Coffee databases according to the level of DNA sequence similarity to genes from Arabidopsis thaliana and Coffea arabica (Table 1 ; Czechowski et al. 2005; Fernandez et al. 2004) . BlastN was used for this comparison with a default setting and only genes of HarvEST Coffee database with a similarity higher than 1e-139 (E-value) were considered as putative orthologous to the Arabidopsis genes. Primers were designed with Primer 3 software (Rozen and Skaletsky 2000) using as a criterion to amplify products from 80 to 100 bp with a Tm around 60°C (primer sequences are shown in Supplemental Table 1 ). UBQ10 (polyubiquitin 10) and rpl39 (large ribosomal subunit 39) were amplified using primers previously described in the literature (Salmona et al. 2008; Simkin et al. 2006; Supplemental Table 1 ). Candidate reference genes were amplified from cDNA. Melting curve analysis of the amplification products and gel electrophoresis analysis confirmed that the primers amplified only a single product (data not shown). Primer sets efficiencies were estimated for each experimental set by Miner software (Zhao and Fernald 2005) , and the values were used in all subsequent analyses (Supplemental Table 1 ). Miner software pinpoints the starting and ending points of PCR exponential phase from raw fluorescence data, and estimates primer set amplification efficiencies through a nonlinear regression algorithm without the need of a standard curve.
Polymerase chain reactions were carried out in an optical 96-well plate with a Chromo 4 real-time PCR detector (BioRad) sequence detection system, using SYBR Ò Green to monitor dsDNA synthesis. Reactions mixture contained 10 ll diluted cDNA (1:50), 0.2 lM of each primer, 50 lM of each dNTP, 19 PCR buffer (Invitrogen), 3 mM MgCl 2 , 1 ll SYBR Ò-Green I (Molecular Probes) water diluted (1:10,000), and 0.25 units Platinum Taq DNA polymerase (Invitrogen), in a total volume of 20 ll. Reaction mixtures were incubated for 5 min at 94°C, followed by 40 amplification cycles of 15 s at 94°C, 10 s at 60°C, and 15 s at 72°C. PCR efficiencies and optimal cycle threshold (Ct) values were estimated using the online real-time PCR Miner tool (Zhao and Fernald 2005) . For all reference genes studied, two independent biological samples of each experimental condition were evaluated in technical triplicates.
Cycle threshold values were converted in qBase software v1.3.5 (Hellemans et al. 2007 ) into nonnormalized relative quantities (Q), corrected by PCR efficiency, using the formula Q = E DCT , where E is the efficiency of the gene amplification and DCT is the sample with the lowest expression in the dataset HarvEST ID for the coffee gene psa, this gene was not found in the SOL Genomics Network e Coffee genes previously used as reference in RT-PCR analysis (C. Colombo, personal communication) based on their similarity to Malus domestica genes (Defilippi et al. 2005) minus the Ct value of the sample in question. Efficiencies values were manually inputted in qBase for each independent experimental set. These quantities were imported to geNorm v3.4 (Vandesompele et al. 2002) and Norm Finder (Andersen et al. 2004) analysis tools, which were used as described in their manuals. Data of biological replicates were analyzed separately in both programs.
Results
In order to compare the expression levels of target genes in different tissues at the same time, it is crucial to normalize all the samples by the same set of reference genes. In the present study, eight coffee candidate reference genes were evaluated for gene expression stability in four different experimental sets. The first and second experimental set were composed of leaves and roots of control and droughtstressed ''Catuaí Vermelho'' cultivar, respectively. The third experimental set was composed of leaves of three different C. arabica cultivars that are extensively cultivated in Brazil and South America (''Catuaí Vermelho,'' ''Mundo Novo,'' and ''Bourbon Amarelo''). Finally, in the fourth experimental set, different organs of ''Catuaí Vermelho'' cultivar were compared (leaves, stems, roots, and mature fruits in the cherry phase). Three criteria were used to select the genes evaluated in this work: traditional coffee reference genes (rpl39 and UBQ10; Lepelley et al. 2007; Pre et al. 2008; Privat et al. 2008; Salmona et al. 2008; Simkin et al. 2006 Simkin et al. , 2008 ; coffee homologues to the top 100 reference genes of Arabidopsis selected by gene comparison in HarvEST Coffee database (psaB, PP2A and AP47; Czechowski et al. 2005 ), and genes previously tested in coffee by RT-PCR analysis (S24 and GAPDH; C. Colombo, personal communication). S24, named here according to its similarity with the Arabidopsis thaliana gene, and GAPDH were initially selected by homology with reference genes used in qPCR analysis in apple (Defilippi et al. 2005) . psaB and PP2A are, according to microarray analysis, ranked among the most stable genes in shoot abiotic stress series, while PP2A and AP47 are ranked among the most stable genes in root abiotic stress series (Czechowski et al. 2005) . These abiotic stress series included samples of a wide range of environmental conditions, e.g., cold, osmotic, salt, drought, genotoxic, oxidative, ultraviolet B (UV-B), wounding, and heat stress time courses. In addition, we selected genes belonging to different functional classes, based on Arabidopsis sequence information, reducing the chances of the occurrence of coregulated expression among these genes (Table 1) .
Primer efficiencies for all primer combinations were higher than 0.90 (90%) in all experimental sets. However, the same primer pair showed different efficiencies with different samples. PP2A, for example, was amplified with an efficiency of 0.99 in the third experimental set and showed an efficiency of 0.92 in the fourth experimental set (Supplemental Table 1 ). Ct values were in the range of 14.86 and 30.04 (Table 2 ). psaB and UBQ10 showed the lowest Ct values in all sets, suggesting that these genes are highly expressed, followed by rpl39 and GAPDH. AP47 together with PP2A presented the lowest RNA levels in all samples, while S24 and UBI9 presented an intermediate expression.
According to geNorm, UBI9 ranked as one of the two most stable genes in almost all experimental sets (Table 3 ). UBI9 and S24 were indicated as the two most stable genes in the first and fourth experimental sets, when leaves of drought-stressed versus control plants and different organs of ''Catuaí Vermelho'' were compared, respectively. The genes UBI9 and PP2A came out as the most stable reference genes when comparing roots of drought-stressed roots versus control plants. Together with AP47, PP2A was also ranked as one of the two most stable genes in the third experimental set. In order to determine the optimal number of reference genes in each experimental set, pairwise variation (V n/n?1 ) was calculated by geNorm. The value of V 2/3 for all experimental sets was smaller than the cut-off threshold of 0.15, below which the inclusion of another reference gene has no significance, indicating that the use of two reference genes is sufficient for normalization in all experimental data sets tested (Table 3 ; Vandesompele et al. 2002) . However, Vandesompele and collaborators recommend the use of at least three reference genes whenever this result obtained in our analysis is observed (Vandesompele et al. 2002) .
geNorm and Norm Finder results matched in the analysis of leaves of drought-stressed and control plants (Tables 3, 4 ). In addition, two out of the three most stable genes ranked by both programs matched in the second and third experimental data sets, S24/ UBI9 and AP47/GAPDH, respectively. However, when different organs of ''Catuaí Vermelho'' were evaluated, only UBI9 was among the three most stable genes selected by geNorm and Norm Finder (Table 4) .
Norm Finder takes into account intra-and intergroup variations for normalization factor (NF) calculations, thus the best combination of reference genes (to reach the appropriate NF) is not necessarily the one containing the most stable genes according to a gene-by-gene comparison. This was observed in the first, third, and fourth experimental sets, in which the best gene combinations recommended by Norm Finder were GAPDH/UBQ10, AP47/GAPDH, and UBQ10/S24, respectively, (Table 4) . Although these genes were not the same recommended by geNorm, all genes are above geNorm's cut-off limit of 1.5 (Vandesompele et al. 2002) , which supports their use as reference genes (Table 3) .
Discussion
Differences were observed in geNorm and Norm Finder evaluation of the best sets of reference genes for each experimental condition tested, although this inconsistency between the two methods was already expected given that they are based on distinct statistical algorithms. We elected the Norm Finder as the preferential method for the selection of the best references genes since it considers intra-and intergroup variations for the NF. When one or two of the genes indicated by Norm Finder to compose the best combination of genes were not among the three most stable genes ranked by geNorm and/or Norm Finder, we considered that the inclusion of a third gene to the set would give additional support to the NF. We used the expression stability calculated by geNorm and Norm Finder to select the additional gene (Table 5) . Although, it is important to highlight that the use of the additional genes is optional.
Our analysis has shown that each experimental condition tested demands a specific set of reference genes. This result emphasizes the importance of reference genes validation for each experimental condition, especially when samples belong to very different groups, e.g., different organs. When leaves of control and drought-stressed plants were compared, GAPDH, UBQ10, and S24 were considered the most appropriate reference genes. GAPDH and UBQ10 should avoid error transferences since they were chosen by Norm Finder as the best combination of genes, while S24 was ranked by Norm Finder as the most stable gene and by geNorm as one of the two most stable genes. AP47/S24 and UBI9 were assigned as good reference genes when roots of droughtstressed and control plants were tested. AP47 and S24 were chosen by Norm Finder as the best combination of two genes, while UBI9 (and also S24) was ranked by both programs among the three most stable genes, conferring higher robustness to the NF. Our analyses of different coffee cultivar leaves revealed that AP47 and GAPDH are the most acceptable genes for gene expression normalization, since AP47 and GAPDH are ranked by both algorithms as either the first or the third most stable genes, respectively. They also represent the best combination of genes considered by Norm Finder to improve NF. Finally, UBI9/S24 and UBQ10 were considered the best combination to the fourth experimental set. UBI9 and S24 were considered the most stable genes according to geNorm, and S24/UBQ10 was chosen as the best combination of genes by Norm Finder. psaB, PP2A, and AP47 were identified as novel references genes in A. thaliana through microarray experiments. When compared with GAPDH and UBQ10, two traditional reference genes for several plant species including coffee, PP2A and AP47 presented superior stability values calculated by geNorm (Czechowski et al. 2005) . Although the stability of psaB has only been evaluated by microarray analysis in Arabidopsis, its putative coffee homologous gene showed a higher stability in leaves of distinct cultivars than common reference genes such as UBI9, UBQ10, and rpl39. However, the use of psaB, which encodes for a photosystem protein, as a reference gene, should be restricted only to qPCR analysis of green tissue samples. Salmona et al. (2008) showed that UBQ10 is the most stable reference gene among the seven candidate reference genes tested for normalization of qPCR experiments when coffee samples during seed development are evaluated. We consider that our results combined with the previous results from Salmona et al. (2008) can provide a comprehensive set of reference genes for qPCR analysis in coffee. rpl39 has been extensively used as an internal control when comparing gene expression profiles of target genes among different coffee organs, e.g., leaves, stems, fruits, branches, roots, and flowers (Lepelley et al. 2007; Pre et al. 2008; Privat et al. 2008; Simkin et al. 2006 Simkin et al. , 2008 and also when comparing control and drought-stressed leaves (Simkin et al. 2008) . Our work revealed that rpl39 is not the most accurate reference gene when comparing control and droughtstressed leaves and also different coffee organs.
The two programs employed in our study to evaluate reference genes (geNorm and Norm Finder) use the same input data, i.e., nonnormalized relative quantities, and Ct values need to be transformed considering primer pairs efficiencies. In our experience, it is crucial to evaluate primer pairs efficiencies for each sample tested since the same primer pair could display different efficiencies. The importance of this step can be well illustrated by the primer efficiency variation of PP2A in leaves of different cultivars compared with different organs (Supplemental Table 1 ). The values of Ct presented herein should not be considered alone, but they may help in the selection of best combination of reference genes when there is previous data about target gene expression levels. Similar expression levels of the reference and target genes are considered an important issue regarding qPCR normalization (Vandesompele et al. 2002) . Indeed, references genes with excessively high/low expression levels compared with target genes can trigger problems for data analysis (Frost and Nilsen 2003; Robinson et al. 2007) . As suggested by Remans et al. (2008) , biological replicates were submitted to geNorm and Norm Finder as independent samples. This procedure increased the credibility of the most suitable coffee reference genes because it takes into account possible variations in reference gene expression that are not due to different treatments, but intrinsic to the gene itself.
We consider that the genes evaluated in this study will be very useful for future evaluations of gene expression analysis when studying drought-stressed leaves and roots, leaves of different cultivars, and when comparing different organs of coffee. Moreover, this study provides useful guidelines for reference gene selection for researchers working with coffee.
